This study was undertaken to investigate the effect of chromium on the reduction behaviour of ferric oxide with carbon monoxide (10 %, v/v) in nitrogen as a reductant. Ferric oxide was impregnated with 3 % chromium to produce chromium-doped ferric oxide (Cr-Fe 2 O 3 ). The reduction behaviour and the kinetic studies of Cr-Fe 2 O 3 and Fe 2 O 3 have been studied by temperature programmed reduction (TPR) and the phases formed of partially and completely reduced samples were characterized by X-ray diffraction spectroscopy (XRD). Meanwhile, the activation energy values were calculated from the Arrhenius equation using Wimmer's method. TPR results indicate that the reduction of Cr-Fe 2 O 3 proceeded in two reduction steps (Fe 2 O 3 → Fe 3 O 4 → Fe), while, Fe 2 O 3 proceeded in three reduction steps (Fe 2 O 3 → Fe 3 O 4 → FeO → Fe) with doped ferric oxide showed a large shifted towards lower temperature. The complete reduction of ferric oxide to metallic Fe occur at 700 °C compared to the undoped ferric oxide (900 °C). The XRD pattern showed that the diffraction peaks of Cr-Fe 2 O 3 are more intense compare to Fe 2 O 3 , indicating that the improvement on the crystallinity of the characteristic peaks of Fe 2 O 3 with no additional peak observed meaning that the chromium particles loaded on the ferric oxide were well dispersed. Furthermore, additional of 3 % chromium on ferric oxide gives larger surface area and decrease in the activation energy up to 12.39 % regarding to transition phases of Fe 2 O 3 → Fe 3 O 4 during the reduction process may also led to the increase in the rates of ferric oxide reduction.
Introduction
Reduction of ferric oxide was a subject of numerous studies due to the importance of iron and steel in the current and future technologies [1] . The iron and ferric oxide are nontoxic and cheap materials give them as an important chosen material in the catalysis field [2, 3] . As a catalyst, the reduction behaviour and the degree of reduction of the iron species were highly important in such catalysis and previous studies, reaction temperature of ferric oxide reduction was determined using thermodynamics [4, 5] and experimental [1, 6] . The reduction process of Fe 2 O 3 involves different mechanism depending on temperature, particle size, concentration reduction gas used and additives to the Fe 2 O 3 [7] [8] [9] . Reduction by carbon monoxide generally involves two-steps reduction can be described as equation 1 and 2 follows [7] [8] [9] : 3Fe 2 O 3 + CO → 2Fe 3 O 4 + CO 2 ΔH r = -47. 
Briefly, equations (1) and (2) are responsible for the two-step reduction and whereas a sequence of equations (1), (3) and (4) represents the three-step reduction. Furthermore, the thermodynamic calculations based on the Gibbs free energy change due to reaction and the equilibrium composition of the oxides for the equations above indicate that equation (1), (3) and (4) are spontaneous with ΔG between -102.3 to +9.61 kJmol -1 at temperature 300 °C to 900 °C. While, the reduction process for equation (2) is thermodynamically more favourable at rather lower temperatures (below 500 ⁰C, ΔG<+20 kJmol -1 ). In addition, chromium as an additive to the ferric oxide has been explored widely for their improved catalytic activity due to the unique performance to the role of chromium in stabilizing the ferric oxide against sintering. To enhance the reduction performance of ferric oxide, the addition of other metal additives was considered. In this study we report the reduction behavior of the addition of chromium species into ferric oxides catalyst. The temperature programme reduction was performed to investigate the non-isothermal reduction behaviour of Cr doped ferric oxide by comparing to none doped species. Moreover, the kinetic studies were also carried out to calculate the activation energy of the reduction process using different heating rate.
Materials and Methods
Chemicals and raw materials Iron (III) oxide (99%) was obtained from Sigma Aldrich Chemical Company and chromium (III) nitrate from R&M Chemicals. Gas mixture CO/N 2 (10% CO) was obtained from Linde.
Catalyst preparation
The Cr doped ferric oxide was prepared by impregnating Fe 2 O 3 powder with aqueous solution containing chromium cation additives. The amount of chromium added was adjust to be 3 wt% in Fe 2 O 3 . The Fe 2 O 3 powder was directly impregnated into 50 ml distilled water corresponding metal cation additives in the above proportion and stirred vigorously for 2 hours at room temperature. The impregnated sample was dried at 110 °C overnight and subsequently calcined at 600 °C in the furnace for 3 hours.
Characterization studies
Temperature programmed reduction (TPR) measurements was conducted using a Micromeritic Autochem 2920 Chemisorption Analyzer apparatus; a feed of 10 % CO in N 2 at a flow rate of 20 mL min -1 (Standard Temperature and Pressure, STP) was used as reducing gas. An amount 50 mg of samples were heated up to 900 °C, at a rate of 10 °C min -1 . For the kinetic study, different heating rate (10, 13, 15 °C min -1 ) were applied to the samples. The reduction kinetics of doped ferric oxides is an essential point that deserves investigation. There are numerous models in the literature for the estimation of the kinetic parameters and in this study Wimmers's method [11] was chosen and it describes the correlation between shifts in T max with the heating rate. In this method, the activation energy can be calculated from TPR data by using equation (5) below:
The activation energy is achieved from the shift of rate maximum temperature (T max ) against the heating rate (Ψ). If a straight line graph is obtained from the plot of ln (Ψ/T max ) versus 1/ (T max ), the slop is E a /R which R is the gas constant. To investigate the role of Cr in the reduction behaviour of Fe 2 O 3 , the samples were collected and XRD patterns were measured. Samples were collected according to the TPR pattern when the reduction of Cr-Fe 2 O 3 is assumed to be finished at 700 °C. Meanwhile, undoped Fe 2 O 3 was also collected at 700 °C for the comparison purposes. The carbon monoxide consumption was monitored using a thermal conductivity detector (TCD). Phase characterization was carried out by X-ray diffraction (XRD) Bruker AXS D8 Advance type with X-ray radiation source of Cu Kα (40 kV, 40 mA) to record the 2θ diffraction angle from 10 -80 degree at wavelength (λ = 0.154 nm). For identification purposes of crystalline phase composition, diffraction patterns obtained were matched with Joint Committee on Powder Diffraction Standards (JCPDS) files. Physical surface analysis (Brunauer-EmmettTeller, BET) of nitrogen adsorption at 77 K (liquid nitrogen) was conducted using a Micromeritics ASAP 2010 instrument to obtain the adsorption isotherm of each sample. The calcined sample of Cr-Fe 2 O 3 and Fe 2 O 3 were degassed at 350 °C for 6 h before the BET surface area analyses were done. The Brunauer-Emmett-Teller (BET) surface area were calculated from the isotherms.
Results and Discussion Isotherm adsorption of N 2
The result indicates that the impregnation of Fe 2 O 3 with chromium nitrate (5.90 m²/g) shows the BET surface area was a little larger than undoped Fe 2 O 3 (4.67 m²/g) manifesting that Cr could also prevent the aggregation of particles. Moreover, Hu et al. [11] mentioned that specific surface area was also an important factor as higher specific surface area usually results in more unsaturated surface coordination sites exposed to the gas which may result in the increasing of the reducibility performance of the ferric oxide in this study. Figure 1 To further investigate the mechanism involved in the reduction process of Cr-Fe 2 O 3 and undoped Fe 2 O 3 , samples were collected at various temperatures (400, 500, 600 and 700 ⁰C) and detailed characterization using XRD were shown in Figure 3 and Figure 4 , respectively. At temperature 400 ⁰C and 500 ⁰C the XRD patterns show strong diffraction peaks of (Fig.4) . For Cr-Fe 2 O 3 , FeO was not detected in the XRD patterns for the whole reduction process as the addition of chromium inhibits FeO phases to occur. This indicated that the formation of metastable FeO phase was not only affected by the reduction temperature but also depended on the nature of the sample itself, which in this case the involvement of chromium element in the structure of ferric oxide enhance it reducibility . [13] .
Crystallinity effect by XRD

Conclusion
The kinetics and reduction behaviour of chromium doped Fe 2 O 3 and undoped Fe 2 O 3 were investigated and compared using TPR technique and characterized by XRD and BET. The data obtained from XRD evidenced the presence of well dispersed chromium particles loaded on the ferric oxide and promotes better crystallinity of the 
